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Abstract 
A cool roof is an ordinary roof with a reflective coating on the exterior surface which has a high solar 
reflectance and high thermal emittance. These properties let the roof keep a lower temperature than a 
standard roof under the same conditions. In this work, the thermal performance of a concrete roof with and 
without insulation and with two colors has been analyzed using the finite volume method. The boundary 
conditions of the external roof surface were taken from hourly averaged climatic data of four cities. For the 
internal surface, it is considered that the building is air-conditioned and the inside air has a constant 
temperature. The interior surface temperature and the heat flux rates into the roofs were obtained for two 
consecutive days in order to assess the benefits of a cool roofs in different climates.  
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1. Introduction 
Buildings are complex systems that consume a lot of resources (i.e. water, materials, energy, etc.) and 
large generators of different types of waste. Buildings account for 40% of the world’s primary energy 
consumption and are responsible for about one-third of global CO2 emissions [1]. The major cause of 
energy consumption in buildings is air conditioning. Therefore, to reduce the use of energy should be 
explored both, the increase of air conditioners efficiency and the improvements in the design by the 
application of passive measures in buildings. Because the roof is the element most exposed to the solar 
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radiation, there is a series of passive systems used to reduce the heat gains into the buildings: evaporative 
cooling (roof ponds), vegetation (green roofs), thermal insulation and reflective coatings (cool roofs). A 
cool roof is a conventional roof with a reflective coating on the exterior surface which has a high solar 
reflectance (ρ) and high thermal emittance (ε). These properties let the roof keep a lower temperature than a 
standard roof under the same conditions, because they reflect and emit most of the incident solar energy. 
The lower temperature of a cool roof reduces the heat transmitted into the building leading energy savings 
in air conditioned buildings or improving the thermal comfort in the non-conditioned ones. This technology 
has been studied on different types of roofing materials and roof configurations. For example, Simpson y 
McPherson [2] using 1/4 scale models with pitched shingle roof found that a white roof was 20 to 30 °C 
cooler than either silver or dark-colored roofs on hot sunny days. Moreover, the model house with the 
white roof consumed 5% and 28% less energy than gray and brown roofs, respectively. On the other hand, 
Parker and Barkaszi [3] monitored nine residential buildings with shingle, metal, and tile roofs. The 
measured electricity savings in the buildings averaged 19% due to the application of reflective coatings. 
Labaki and Granja [4] evaluated the heat flux that penetrates a concrete slab with two colors and different 
roof thickness. The reflectance had a minimum effect when the roof thickness is greater than 15 cm. In 
other studies, it was shown that a roof system with thermal insulation and reflective coating behaves better 
than the system without insulation minimizing the heat flux rate [5,6]. Besides of the climate, most of the 
configuration and the materials of roofs studied are different from those used in a typical Mexican roof. 
Furthermore, the mandatory and non-mandatory Mexican codes for buildings do not take into account the 
solar reflectance of walls and roofs. Hence, many builders and owners are not fully aware of the benefits 
offered by cool roofs. According to the population and housing census INEGI [7], in Mexico the flat 
concrete roof is the most common in residential buildings. This type of roof was considered for the 
analysis. We studied two configurations of a concrete slab under four climatic conditions using the steady 
state heat conduction equation. 
 
Nomenclature 
G Solar radiation, W m-2  
hint interior convective coefficient, W m-2 K-1 
hout exterior convective coefficient, W m-2 K-1 
k  thermal conductivity, W m-1 K-1 
kc  thermal conductivity of concrete, W m-1 K-1 
kinterface  thermal conductivity in the interface, W m-1 K-1 
kp  thermal conductivity of polystyrene, W m-1 K-1 
T temperature, K 
Tint temperature of the inside air, K  
Tout temperature of the outside air, K 
Tsky temperature of the sky, K 
V air velocity, m s-1  
W width of the roof, m-1 
x, y dimensional coordinates, m 
Greek symbols 
α solar absorptance of the exterior surface 
ρ solar reflectance of the exterior surface 
ε thermal emittance of the exterior surface  
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2. Physical and mathematical model 
The physical model of the roof is shown in Fig. 1, it consists in a two dimensional horizontal slab with and 
without coating. The configuration (a) is the single concrete roof with a thickness (y1) equal to 10 cm. The 
configuration (b) is the compound roof with a thickness (y1) of 12.54 cm; this configuration has external 
insulation and is made up by concrete and polystyrene, where the latter has a thickness (y1 – y2) equal to 
2.54 cm. The width of the roof (W) is considered of 1 m. The configurations (a) and (b) were studied with 
and without a solar reflective coating, what leads us to four cases of study. The thickness of the reflective 
coating has been neglected.  
 
 
                                             (a)                                                                                                           (b) 
Fig. 1. Physical model: (a) single roof; (b) compound roof. 
 
The materials in the physical model are considered homogeneous; it is supposed that they thermal 
conductivity does not change with temperature. The solar reflectance of the two colors is considered 
constant as well.    
2.1. Mathematical model 
The governing differential equation of heat conduction for the two dimensional slab is   
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Where T is the temperature and k is the thermal conductivity. 
2.2. Boundary conditions 
The roof is analyzed with and without coating at y = y1, this boundary receives a heat flux (G) due to solar 
radiation and exchanges heat by convection and radiation to the outside environment. At y = 0, the roof 
exchanges heat by convection to the inside environment at Tint = 24 °C. Finally the two vertical boundaries 
are considered adiabatic. Mathematically the boundary conditions are: 
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The convective heat transfer coefficient hout in equation (2) is calculated with the next equation [8]: 
Vouth 0.38.2      (6) 
Where V is the air velocity in m/s. The temperature of the sky Tsky is calculated as a function of the exterior 
air temperature [8]:  
5.10552.0 outsky TT      (7) 
Where Tsky and Text are both in K. In equation (3), according to the ASHRAE handbook of fundamentals 
[9], the interior heat transfer coefficient hint is equal to 9.26 W m-2 K-1 for upward direction of heat flow, 
and 6.13W m-2 K-1for downward direction of heat flow. 
3. Numerical method 
The governing differential equation with its boundary conditions is numerically solved by the use of the 
finite volume method [10]. Global convergence is achieved when the energy balance on each control 
volume is within a value of 10−10 and the residual for the temperature is about 10−10. This convergence 
criterion is set to assure a reliable solution.  A summary of the numerical solution is: 
 
(1) An initial value for every temperature is guessed. 
(2) The heat conduction equation is solved for the roof with its corresponding boundary conditions. 
(3) The convergence criterion is applied at all the temperatures for each control volume, if the convergence 
criterion is not fulfilled, return to step (2), until this criterion is achieved. 
4. Numerical verification 
The numerical code was developed in Fortran computer language and it was verified comparing the results 
against the analytical solution for a compound slab reported by Chang and Payne [11]. The Fig. 2 shows 
the numerical results compared to the analytical. A significant deviation was found between the numerical 
and analytical results for isothermals 300 and 250 °C. The maximum difference was 3.0%. 
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Fig. 2. Comparison of the isothermals for a compound slab. 
5. Climatic data and roof properties 
The cities selected are four; Mexico City, Hermosillo, Guadalajara and Merida. The climatic conditions 
(radiation, air temperature and air velocity) of the cities were obtained from the database of Meteonorm 
software. The hourly averaged values of two consecutive days in the summer (June, 2005) are used as 
input parameters for the roof model. The Fig. 3 shows the ambient air temperature and solar radiation.  
 
Fig. 3. Values of ambient air temperature and solar radiation used in the study. 
The thermal conductivities of the materials are shown in Table 1. The solar reflectance ρ of the reflective 
coating and the concrete are shown in Table 2. In equation (2), the solar absorptance was calculated with 
the known relation for opaque materials, α = 1 - ρ. The thermal emittance ε is supposed with value of 0.9 
for the two colors.                                                                                                                                                          
Table 1. Thermal conductivity of the materials. 
Materials k (W/mK) 
Concrete [12] 1.7 
Polystyrene [12] 0.035 
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Table 2. Solar reflectance of the two surfaces. 
 
Surface  ρ 
Concrete (gray) [13] 0.328 
Reflective coating (white) [14] 0.859 
 
In the configuration (b), due to the different materials the thermal conductivity varies sharply across the 
interface, the harmonic mean (8) has been used to calculate this property. Furthermore, perfect contact 
between both materials is considered, such that heat flux through the interface is the same for the materials 
involved. 
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6. Results 
In this section the results of the solution of the roof model are presented. Plots of the interior surface 
temperature of each roof during two days as well as plots of the inward heat flow were constructed. 
Mexico City has a temperate with dry winter climate (Cwb) according to the Köppen classification, it is 
the city with the lowest air ambient and solar radiation among the selected cities. The interior surface 
temperatures of the four roof configurations are shown in Fig. 4(a). During the hours with solar radiation, 
the gray roofs reached higher temperatures; the interior surface of the single gray roof reached a maximum 
of 39°C, while the compound gray roof reached 28 °C. In the case of white roofs, the single one had a 
maximum temperature of 25 °C and the compound 24 °C; the white roofs maintained interior surface 
temperature fairly close to set point temperature of the inside air. During the night all the configurations 
were colder than the inside air. The heat flux that reaches the internal air is shown in Fig. 4(b). During the 
day, the single gray roof could lead a maximum heat flux of 94 W/m2 to the inside, while the compound 
gray roof reached a maximum of 25 W/m2. The single white and compound white roof had a maximum 
heat flux of 8 and 2 W/m2, respectively. As shown in Fig 4(b), the roofs without thermal insulation had 
more heat losses during the night than compound roofs. The single roofs had a heat loss up to 85 W/m2 
while compound roofs had 26 W/m2.  
 
 
                    (a) Interior roof surface temperature                                                                         (b) Inward heat flux 
Fig. 4. Results for Mexico City. 
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The Hermosillo City has a hot desert climate (Bwh) according to the Köppen classification, it has the 
hottest climate among the selected cities. The Fig. 5(a) shows the temperatures of the interior roofs 
surface, the gray roofs reached the higher temperature during the periods with solar radiation, this is 57 °C 
and 33 °C for the single and compound roof, respectively. The single white roof reached 36 °C and the 
compound white roof 27 °C. During the hours without solar radiation, all the configurations were colder 
than exterior ambient air. As seen in Fig. 5(b), the single gray roof could reach an inward heat flux of 206 
W/m2 which was the worst behavior among the cases of study. The compound white roof was able to 
decrease the heat flux up to 185 W/m2 with respect to the single gray roof. The maximum heat flux 
reduced by the single white roof was 133 W/m2, while the compound gray roof reduced 150 W/m2 with 
respect to the gray roof. During the night, the roofs without insulation had a greater heat losses than the 
roofs with thermal insulation, although this effect is desirable in this type of climate, the heat loss in single 
roofs was up to 16 W/m2 greater than those of the compound roofs, what results negligible in comparison 
with the reductions reached during the day. 
 
 
                   (a) Interior roof surface temperature                                                                            (b) Inward heat flux 
 
Fig. 5. Results for Hermosillo, Sonora 
 
Guadalajara City has a subtropical climate (Cwa) according to the Köppen classification. The Fig. 6(a) 
shows the external surface temperature of the roof configurations. The roofs with the gray color on the 
surface had the higher temperature; the single gray roof had a maximum temperature of 47°C and the 
compound gray a maximum of 30°C. On the other hand, the white roofs reached lower temperatures than 
gray roofs, the single white and compound white reached 30°C and 26°C, respectively. In Fig. 6(b), it is 
shown the behavior of the heat flux. During the day, the single gray roof had a heat flux during the day up 
to 139 W/m2, the other cases of study had a better behavior during the day. The compound white roof 
diminished the inward heat flux up to 130 W/m2 with respect to the single gray roof, the maximum 
reductions of the compound gray and the single white roof were 103 W/m2 and 104 W/m2, respectively. 
During the night, the roofs without insulation had a greater heat loss than the roofs with thermal insulation. 
The maximum heat loss in single roofs was 50 W/m2 greater than the loss of the compound roofs.  
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                        (a) Roof surface temperature                                                                                         (b) Inward heat flux 
Fig. 6. Results for Guadalajara, Jalisco 
The City of Merida has a Tropical savanna climate (Aw) according to the Köppen classification, as shown 
in Fig. 3 this is the second warmest city among the selected. The Fig. 7(a) shows the temperature of the 
interior roofs’ surface during the two days, the single gray roof reached up to 62 °C and the compound 
gray reached a maximum of 31 °C. The single and compound white roof reached a maximum temperature 
of 34 °C and 26°C, respectively. For the hours without solar radiation all the configurations are colder than 
set point temperature, up to 4 °C for single roofs and 1°C for compound roofs. In Fig. 7(b), is it shown the 
inward heat flux for the four cases of study, when solar radiation is present the single gray roof had the 
highest heat gain reaching up to 177 W/m2 at midday. The other three cases had a better performance; the 
compound white roof was able to decrease the heat flux up to 160 W/m2 with respect to the single gray 
roof. The maximum heat flux reduced for the single white roof was 110 W/m2, while the compound gray 
roof reduced 130 W/m2. As in Hermosillo, during the night the roofs without insulation had greater heat 
losses than the roofs with thermal insulation what is desirable for this type of climate, but the biggest 
difference of the heat lost between singles and compound roofs was 16 W/m2, what is very small in 
comparison to the big reductions reached during the day.  
 
 
                        (a) Interior surface temperature                                                                                         (b) Inward heat flux 
Fig. 7. Results for Merida, Yucatán. 
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A summary of the maximum surface temperature and heat flux for the cities is presented in Table 3. It is 
shown the percentage reductions in temperature and heat flux of cool roofs with respect to conventional 
roofs (gray roofs). In this table, it was compared single gray roof with single white roof, and compound 
gray roof with compound white roof. As can be seen the percentage of temperature reductions in both 
comparisons are in the range of 11-45%, with this is it shown that the reflective coating is able to reduce 
the surface temperature during the day in any type of climate. The heat flux reductions are presented as 
well, all reductions fall in the range 62-91%. The greater percentage reductions are the cities with 
temperate climate (Mexico City and Guadalajara) where ambient temperature and solar radiation levels are 
lower. The cities with hot climate (Hermosillo and Merida) had smaller percentage reductions respect to 
the heat flux but these reductions were higher in magnitude than the reductions in the temperate cities.        
Table 3. Maximum values of interior surface temperature and heat flux during the two day reached by the four cases of study.  
 single 
gray (s.g.) 
single 
white (s.w.) 
Differences between 
s.g. and s.w. 
compound 
gray (c.g.) 
compound 
white (c.w.) 
Differences between 
c.g. and c.w. 
 Tmax (°C) ΔTmax  Tmax (°C) ΔTmax  
Mexico City 39 25 14 (36 %)  27  24  3 (11 %)  
 Hermosillo 57 36 21 (37 %)  33  27  6 (18 %)  
Guadalajara 47 30 17 (36 %)  30  25  5 (16%)  
Mérida 62 34 28 (45 %)  32  27  5 (15 %)  
 Heat flux max (W/m2) ΔHFmax  Heat flux (W/m2) ΔHFmax  
Mexico City 94  8  86 (91 %)  25   2 18 (92 %)  
Hermosillo 206  73 105 (64 %)  57  20  37 (65 %)  
Guadalajara 139  36 103 (74 %)  37   9  28 (76 %)  
Mérida 178  67 111 (62 %)  48  18  30 (62 %)  
7. Conclusions 
In this work, we presented of the thermal performance of two types of roof configurations with and 
without solar reflective coating using climatic conditions of Mexico. It consisted in a pseudotransient study 
solving the steady state heat conduction equation using the finite volume method and hourly averaged 
climatic data as boundary conditions. The following conclusions can be drawn:  
 
- The single white roof configuration was able to reduce the interior surface temperature up to 28 °C at 
midday in comparison to a roof with the original gray color of concrete. On the other hand, the reflective 
coating kept the roof close to the inside air temperature in the case of the compound roof;  just 3 °C above 
the set point during the hours with solar radiation.  
 
- In hot climates like Hermosillo and Merida, the application of the white reflective coating in roof the roof 
without insulation can lead to similar inward heat fluxes of those reached by the gray roof with insulation. 
For Hermosillo, the difference of the maximum heat flux reduction of these two configurations was 16 
W/m2, and for Merida 19 W/m2. Painting the roof may be a less expensive way to reduce the large heat 
gains in summer 
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- Apparently, the compound roof with the reflective coating is the best configuration in cities with hot 
climates like Hermosillo and Merida because the highest reductions in heat flux provided by this roof 
during the day. Seemingly, for temperate climates as Mexico City and Guadalajara, the use the white 
compound roof is the most suitable as well, because this reduces the gains and losses of heat. In this study, 
the roof has been analyzed just as a component; nevertheless it should be taken into account the overall 
thermal inertia of the whole building to give more reliable recommendations. This effect will be analyzed 
in a future work  
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